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ABSTRACT 
An outburst of coal and gas is a key safety risk in coal mining and a worldwide 
phenomenon. It could be described as sudden ejection of gas and coal from a coal 
face. In multiple-seam mining, a seam with less outburst proneness is often extracted 
first prior to extract overlying or underlying seams with high outburst risks in order 
to mitigate the risks. A large number of engineering practices show that this 
protective mining sequence, aided by pressure relief gas drainage, is quite effective. 
Gas pressure in coal seams is often measured and used to assess the de-gassing effect 
and define outburst-free zones in a degassed seam, often practiced in Chinese coal 
mines. However, this method has its shortfalls. Firstly, site measurement of seam gas 
pressure is quite time-consuming as it normally takes a few weeks to complete. 
Secondly, it can also be problematic due to damages to measurement boreholes and 
their sealing, resulting in inaccurate pressure readings. To address these issues 
associated with seam gas pressure measurements, gas content in coal was tried to 
replace gas pressure to define outburst-free zones in a degassed seam. 
 
The field trial was successfully implemented at the 1492 (1) panel mining #11-2 coal 
seam in Pansan Mine, Huainan, China. The trial results showed that the gas content 
of the overlying #13-1 seam was reduced from 8.4 m3/t to about 2 - 4 m3/t following 
mining the #11-2 seam, this was well below the outburst threshold value of 6 m3/t set 
for the 13-1 seam . The outburst risk of mining the #13-1 seam in the area directly 
above the 1492(1) panel was completely eliminated. The gas content measurements 
were carried out using the direct desorption method as described in the Australian 
Standard AS3980-1999. The results also indicated that the de-outburst zone extended 
12 m outside the panel return gateroad and 24 m outside the panel start line. It should 
be mentioned that the extent of the de-outburst zone is somewhat different from 
conventional understanding in China that the zone lies about 19 m inside the panel 
return gateroad and 30 m inside the panel start line under the panel condition while 
the others are 12 m outside the panel return and 24m inside the panel start line. As 
the extent of the de-outburst zone is of fundamental importance in integrated coal 
production and methane extraction in multi-seam mining environment, more 
investigations are required to evaluate exact boundaries of de-outburst zones. 
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1 GENERAL INTRODUCTION 
1.1 Introduction 
Coal is the primary energy in Australia and around the world (EIA, 2004). The 
outbursts of coal and gas have been a major cause of the disasters in coal mining 
industry and become increasingly serious with the increase of mining depth and 
production. In the world coal mining industry, as many as over 30,000 outbursts 
might have occurred and about one third of them have occurred in China. Table 1 
summarises the worldwide occurrence of outbursts. Therefore, the prediction and 
risk mitigation techniques of the outbursts are of great significance for coal mining.  
 
In coal mining, protective seam mining is one of the most effective outburst 
prevention measures. In multiple-seam mining, a seam with less outburst proneness 
is often extracted prior to its overlying or underlying seams of high outburst risk to 
mitigate the risk by de-stressing and de-gassing of the seams. The seam extracted 
first is named a “protective seam”, and the seam mined after the extraction of the 
protective seam is named a “protected seam”. This practice is widely used in mining 
multiple seams in China. This mining sequence is quite effective, particularly in 
gassy seams of low permeability such as those in Huainan, China.  
 
In this practice, gas pressure is often measured to assess the de-gassing effect and 
define outburst-free zones in protected seams (Yuan, 2004). 
 
Site measurements of gas pressure are quite time-consuming and can also be 
problematic. To measure gas pressure in a protected seam, a number of boreholes are 
often drilled into targeted zones in a protected seam. The boreholes need to be sealed 
and gas pressure in the boreholes is then monitored and measured. It normally takes a 
few weeks to complete a single gas pressure measurement. The boreholes and their 
sealing can sometimes be damaged during mining, particularly in soft seams, 
resulting in inaccurate or sometimes no readings of gas pressure (Yuan, 2008; Wang 
et al., 2012). 
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Table 1 Worldwide occurrence of outbursts 
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To address these issues associated with gas pressure measurements, a trial was 
conducted to measure and use gas content in coal, a key indicator in assessing the 
outburst proneness of a coal seam, to replace gas pressure in defining outburst-free 
zones in the #13-1 seam, one of the protected seams at Pansan mine, China. In this 
field trial, gas content was measured with the fast direct desorption measurement 
method which is a mature technology and a single measurement of gas content can 
be completed in less than a day (Diamond and Schatzel, 1998; Standard Association 
of Australia, 1999).   
 
1.2 Research objective and methodology 
This research aims to use seam gas content to define the outburst-free zones of a 
protected coal seam in multiple-seam mining.  
 
The field trial was conducted in Pansan coal mine, Huainan, China, where #11-2 
seam was mined prior to the extraction of its overlying 13-1 seam. Gas content in the 
#13-1 seam was measured before and after the extraction of the 11-2 seam with 
direct gas desorption method. The measured gas content results were then analyzed 
to define the outburst-free zone in the #13-1 seam. 
 
1.3  Thesis outline 
The thesis is organised in following chapters.  
Chapter 1: General introduction 
 
Chapter 2: Characteristics of outbursts of coal and gas 
 
Chapter 3: Gas content in coal 
 
Chapter 4: Field tests 
 
Chapter 5: Conclusions and recommendations 
 
 
 
5 
 
2 CHARACTERISTICS OF OUTBURSTS OF COAL AND GAS 
Coal and gas outburst is the rapid release of a large quantity of gas in conjunction 
with the ejection of coal and associated rock, into the working face or mine workings 
(Xue, 2008). The key influencing factors of this phenomenon include geological 
conditions, physical properties of coal, gas content and gas pressure. The relationship 
among these factors could be described as: 
𝐹𝑜𝑢𝑡𝑏𝑢𝑟𝑠𝑡 = 𝑓(𝐺, 𝑀, 𝑇, 𝜎) 
Where, G ---- gas condition of coal seam; 
            M ---- physical and mechanical properties of coal seam; 
             T ---- geological structure of coal seam; 
             𝜎 ---- stress conditions of coal seam.  
 
During coal and gas outbursts, the crustal stress and gas pressure play positive roles 
while other coal properties such as strength tend to resist the occurrence of outbursts. 
Gas content in a seam and its surrounding strata largely determine the released 
energy and ejection distance of coal by outbursts (Xue, 2009). The five potential 
factors contributing to outbursts are described by Lama (1995), they are tensile 
strength of coal, gas emission rate, gas pressure gradient, moisture level, and depth or 
stress level.  
 
According to previous studies, it has been concluded that the seam stress is not 
always the major contributing factor and it is gas which plays the most significant 
role in coal and gas outburst occurrence. Therefore, for the coal mining industry, it 
has been recognized that an effective method in minimising an outburst is through 
reducing gas content levels of coal seams which can be achieved through gas 
drainage.  
 
Figure 1 describes the outburst risk matrix.  
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Figure 1 Outburst risk matrix 
 
The most significant factors that have the potential to contribute to the occurrence of 
outbursts include: gas of the coal seam, properties of the coal and rock, tectonics, and 
vertical and lateral stresses occurring in the seam. 
 
As each of the contributing factors may play a different role in different coalfield and 
local conditions, various methods in outburst prediction have been developed. Figure 
2 lists the characteristics of these predictive methods and their relationship. It is very 
difficult to categorise each method precisely, with some mines even using more than 
one method for continuous prediction. For regional prediction more than one method 
is often used. 
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Figure 2 Outburst prediction methods 
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2.1 Geological factors 
Local geology plays very important role in the outburst process. Coal seams of 
complex geological structure are susceptible to outbursts if high gas conditions are 
prevalent. Taylor (1852), through investigating methane explosions in a 
Northumberland and Durham coalfields in northern England, was the first to 
discover the phenomenon of sudden gas and coal outbursts. He observed that 
outbursts occurred in the immediate vicinity of tectonic disturbances and that the 
ejected coal comes from that part of the seam which is soft and disturbed by the loss 
of its texture. Taylor’s observations have been confirmed by statistical analyses of 
data from different coalfields. In analyzing the outburst risk the whole complex of 
the geological factors should be taken into consideration. Such an approach has been 
proposed by Cyrul (1992) Dybciak (1994) and Dubin´ski et al. (1994). However, 
because of the lack of statistically representative data, the statistical analysis is, in 
general, limited to only the correlation of individual geological factor with the 
parameters characterising the outbursts, (e.g. the size, the intensity or the frequency 
of their occurrence). 
 
From among all the geological factors two groups can be distinguished: 1. 
parameters characterising directly the occurrence and geometry of the coal seams and 
2. parameters characterising the tectonic disturbances of the coal seams and 
neighbouring rocks. This division alone, however, is not adequate. 
 
2.2 Gas content 
An essential element in an outburst of gas, coal and rock is the gas content of the 
coal seam. There is a certain minimum gas content that must be present if an outburst 
is to occur in a coal seam. This critical value is dependent upon the overall strength 
of the coal seam or part of the coal seam, permeability of the coal seam, and other 
geological conditions associated with it. 
 
 In general, a gas content greater than 8 𝑚3/𝑡 (results are quoted on dry and ash free 
DAF-basis) is considered enough to initiate an outburst if other conditions are 
favourable (Brandt, 1987; Lama, 1995). While the methods for the determination of 
gas content vary (Ellicot, 1983) an important point to note is the variation in the gas 
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content in different plies of the seam. Some plies may have gas content 3–4 𝑚3/𝑡 
higher than other plies. These plies, if they contain high percentage of durain and 
high density of cracking (softer), will become the loci of outbursts even when the rest 
of the seam is not liable to outbursts. Consideration should also be given to the 
effects of weathering and gas content. Weathering changes the sorption capacity of 
the gases considerably. Also the effect of weathering is different for various gas 
types and on different coal macerals (Beamish and Crosdale, 1995). 
 
2.3 Coal permeability 
Seams or sections of the coal seam with permeability > 5 mD are not susceptible to 
outbursts. Permeability studies need to be conducted in-situ. Slug tests in vertical 
boreholes drilled from the surface is a useful technique in estimating permeability of 
the seam. Variation in the seam permeability through its section is more difficult. 
Use of packers installed in a section of the seam is possible, but very difficult in 
moderately thick seams. The analysis of the data obtained for such tests is also 
questionable. When the permeability is determined from core samples, the coals with 
permeability < 10−3 mD are highly outburst prone and the coals with permeability 
> 10−1 mD are least prone to outbursts (Gil and S´widzin´ski, 1988). 
 
Laboratory permeability studies should be conducted on large samples (Harpalani 
and McPherson, 1988) under simulated stress conditions and field moisture levels 
(Dabbous et al., 1976). Moisture maintenance in samples can be a problem. Data will 
need to be corrected for the effect of moisture which causes swelling of coal, hence a 
decrease in permeability. In a wet coal seam relative permeability of coal to water 
and gas is needed for modelling purposes (Hyman et al., 1992). These tests are costly 
and cumbersome, but some information on this aspect is helpful. Laboratory 
permeability data are often lower by 1–3 orders of magnitude as compared to in situ 
test results if cleats are not filled with gas and water. This must be taken into account 
in the analysis. While laboratory studies are conducted, these should be taken as an 
adjunct to the field studies. 
 
The directional permeability of coal due to the presence of a cleat and joint system 
influences gas pressure gradients (Pomeroy and Robinson, 1967; Summers, 1993). 
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These data, along with the lateral and vertical stress direction, can also indicate the 
likelihood of location of outburst sites when outbursts are stress related. Permeability 
can also be estimated from the desorption data obtained from core samples. This 
result however is under no stress conditions. Desorption under stress is another 
alternative to field studies.  
 
Diffusion of gas through the matrix of coal controls flow as well as the desorption 
rate at cleat and matrix interface. Tests to determine diffusion coefficients can be 
conducted in the laboratory or data from field core results can be used for the 
purpose. These tests should be conducted for various plys of the coal seam 
separately. Coals that are susceptible to outbursts have higher diffusivity coefficients 
(10−7 − 10−8𝑐𝑚2/s). 
 
2.4 Gas pressure 
It is important to estimate the gas pressure that is likely to occur during mining. Gas 
pressure ahead of a coal face is dependent upon the rate of mining, but at high rates 
of advance the effect of rate of mining on gas pressure at 2–3 m ahead is minimal. 
Gas pressures > 0.3 MPa have resulted in outbursts in coal seams which are very 
soft (Nanovska et al., 1988). In strong seams, the acceptable gas pressure ahead of 
the coal face may be as high as 0.6–1 MPa (Zhang, 1995). 
 
Gas pressure measurement from surface exploration boreholes is feasible and can be 
accomplished easily. Gas pressure transducers can be installed in exploration 
boreholes. Gas pressure build up data can also be used for gas permeability 
calculations. Gas pressure may exceed the hydraulic head in some exceptional cases 
particularly at medium depths. At higher depths, gas pressure is in general lower than 
the hydraulic head. Where gas composition changes rapidly, gas pressure may be 
quite different even at close distances. 
 
2.5 Stress conditions 
Vertical as well as lateral stress play an important role in outbursts particularly rock 
outbursts. While various methods of stress measurements are available from 
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underground, the assessment of stress conditions from surface boreholes is best done 
by one of the following methods:  
1. hydraulic fracturing 
2. observations of fracturing in boreholes using borehole cameras or calliper logging 
3. study of the core conditions 
 
Study of the core conditions, particularly when associated with discing, has always 
proved to be a reliable method in predicting outbursts of sandstone beds. Discing 
reflects anomalies in the in-situ stress tensor, existence of high gas pressure andror 
induced reduced strength (Belin, 1981; Lama, 1995). Measurement of the volume of 
cuttings is another method that can be used to assess both the state of stress and the 
strength of rock in place (Jahns, 1965; Barsznica et al., 1980; Ryncarz and 
Majcherczyk, 1982). 
 
It should be kept in mind that a point measurement of stress is only an indication and 
cannot be taken as a value that will be applicable everywhere in the area. Stresses 
can jump considerably across major fractures. It is therefore essential to build a 
geological and geotectonic model of the area under investigation. From an outburst 
point of view we are concerned both with the general areas of increased stress as well 
as the local points of elevated stress field. Studies indicate that coal seams liable to 
outbursts show an increase in stress from a few MPa to 1.5 times the normal stress 
field. 
 
2.6 Strength of coal 
The strength of coal is an important contributing factor in the outburst potential of a 
coal seam. Coal strength is dependent upon maceral composition; hence the strength 
of various plys is quite variable. Because of the requirement to classify the various 
plys of the coal and their potential to outbursts, tests for strength are done using 
small samples from various plys. The preparation of regular specimens in such a case 
is not feasible. Irregular samples can be tested to determine the strength of various 
plys. Tests such as the Protodyakonov index and ISI are very useful and most 
commonly used. Where cores are available, tensile strength tests using the Brazilian 
method can be adopted. It may be pointed out here that it is the tensile strength of 
 
12 
 
coal that is important to an outburst and not the uniaxial compressive strength that is 
commonly determined from geomechanical point of view. The presence of gas under 
pressure influences the strength of some coals. Tests under the influence of gas 
pressure can be conducted using coal-sample discs and indenting these when 
saturated with gas under pressure. A drop in strength in the presence of gas at 
pressure is an indication of high outburst potential of a coal ply. 
 
The strength of coal seams liable to outbursts is low. Low strength is also associated 
with the maturity of coal and with the effect of tectonic movement that coal seams 
have undergone. Shearing of the coal is seen in many seams as potential for 
outbursting. Strength tests should be related to the occurrence of geological 
disturbance. Sampling must include zones of disturbance and the structural studies 
should be related to the strength tests. 
 
2.7 Sorption/ desorption properties of coal 
The relationship between the amount of gas absorbed in coal and the gas pressure 
varies depending upon the coal rank and maceral (Beamish et al., 1993). This 
information is needed in gas drainage modelling as an important input parameter and 
the calculation of likely pressure gradients that will occur during mining. 
 
High pressure sorption studies can be conducted in the laboratory using volumetric 
or gravimetric methods. It is important that ply samples for these studies are sealed to 
avoid oxidation and transferred to the laboratory as soon as possible. Studies should 
be commenced in less than 72 hours to avoid deterioration of samples. The gases 
used for sorption should be those occurring in-situ. Gas composition can be obtained 
from desorption tests on cores used for gas content measurements. The temperature 
at which the sorption studies are conducted should be the temperature at when the 
coal seam was formed. This data can be obtained from borehole temperature logs. 
High pressure sorption studies should form a part of investigation in other gas 
parameters such as various desorption indices that are used to predict the liability of 
a coal seam to outbursts. 
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A number of sorption/desorption indices have been used to predict the proneness of 
coal outbursts. These indices quantify the nature of coals and the values of these 
indices must be related to other factors such as structure of coal, gas content, stress, 
etc. 
 
Ettinger (1952) was the first to point out the role of high rates of sorption/desorption 
of gas in outbursts based on laboratory experiments. The method of Ettinger’s 
sorption index consists of crushing a sample, drying it at 600𝐶 and evacuating any 
residual gas. The particle size, 0.25–0.5 mm, was chosen as the best to differentiate 
the outbursting from non-outbursting coals. The sample is sorbed with gas to 
equilibrium at 0.1 MPa pressure at 300𝐶 . Ettinger suggested that the 
sorption/desorption rate in the first 30 s should be taken as the reference value. 
Ettinger et al. (1953) presented the following additional data. Instead of measuring 
the rate of sorption/desorption as a percentage of the gas sorbed at 0.1 MPa pressure, 
they suggested the measurement of gas pressure build up in an enclosed chamber of 
definite dimensions in the first 30 s. They defined the ∆𝑃0−30index on the same basis 
as Lidin et al. (1954). They presented data in 0 – 30 categorising sections of seams 
and zones of a single coal seam. This basic research of Ettinger and his co-workers 
has formed the basis of virtually all sorption/desorption indices. A modified ∆𝑃0−60 
index for field studies has been used in a number of countries for the estimation of 
the liability to outburst of an advancing coal face (Janas and Winter, 1977; Paul, 
1977). 
 
Polish desorbometer measures ∆P values in terms of water gauge, using a 3 g sample 
of size fraction 0.5–1.0 mm. Samples are taken from a 42 mm diameter borehole 
drilled to a depth of 3 m. Cuttings are collected from the last 10 cm of the drillhole. 
Fractions are sealed and the test starts within 35 s. Observations are made over the 
next minutes. The ∆P equal to 120 mm of 𝐻2𝑂 gauge over a 2 min period has been 
found to be the limiting value for defining the conditions of an imminent outburst in 
mines with 𝐶𝑂2in the Lower Silesian coalfield, Poland (Tarnowski, 1968; Kozłowski 
and Polak, 1978). 
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The K𝑇 index is a measure of the change in the desorption rate of a coal sample. The 
method of sampling consists of drilling holes and collecting fractions of particles in 
the range of 0.4–0.63 mm. The critical K𝑇 value relates to a gas content of 9 𝑚
3/𝑡 
(Janas T and Winter, 1977; Janas, 1979; Noack et al., 1995). 
 
For determining the ∆P express index a coal sample of about 70 g in the range of 
0.25–0.5 mm for bituminous (2–3 mm for anthracite) is enclosed in a chamber. The 
sample is evacuated for 2 min and then methane is allowed to enter into it to raise the 
gas pressure to 0.2 MPa as quickly as possible. The gas flow into the chamber is 
closed. The chamber is immediately connected to a manometer and the change in 
pressure after 1 min is read, which gives the ∆P express index (Paul, 1977). 
 
The gas emission V-index is a measure of the volume of gas in the early stages of 
desorption of a coal sample under atmospheric pressure. The method is based on the 
early work by Ettinger (1952). Somnier (1960) used coal samples of about 5.0 g in 
the range of 0.5–0.8 mm grain size. 
 
If gas content, gas pressure, coal seam permeability and high pressure sorption data 
are available, together with other parameters that influence gas pressure gradients, 
then the above tests can be conducted in the laboratory by simulating field 
conditions. The tests are conducted by taking appropriate sample fractions, 
subjecting these to high pressure sorption and then measuring the various indices 
following the methods. The important point to keep in mind is that samples are 
subjected to the gas pressure and moisture levels that are likely to be met 
underground during the mining process. If the test conditions reproduced in the 
laboratory are different from those in the field, the results obtained will contain 
errors and corrections will need to be applied. 
 
2.8 Relationship among gas sorption, coal porosity and permeability 
The porosity of coal is a key factor that influences the coal gas adsorption, 
permeability and strength properties, especially the effective porosity has greater 
effects on the permeability of coal. Permeability of coal seam is the basic parameter 
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that has been used to study the gas migration in coal seam. Moreover, permeability 
and porosity of coal are closely related to coal seam fracture. 
 
Figure 3 shows a schematic of idealized cleat system. It could be assumed that the 
gas stream is only in the x direction, therefore the gas flow can be considered in a 
rectangular pipe flow. 
 
If the effective porosity of unit internal coals is zero, the porosity can be expressed as 
(Robertson etc., 2006): 
∅ =
𝑉𝑓
𝑉𝑡
=
𝑉𝑡 − 𝑎
3
𝑉𝑡
=
(𝑎 + 𝑏)3 − 𝑎3
(𝑎 + 𝑏)3
 
As b ≪ a, 𝑏2  and  𝑏3 could be ignored. 
∅ =
3𝑏
3𝑏 + 𝑎
≈
3𝑏
𝑎
 
The average speed of laminar flow which across a rectangular pipe can be expressed 
as (Janna, 1983): 
v =
𝑏2
12𝜇
∆𝑝
𝐿
 
where, v --- the seepage velocity, m/s 
Figure 3 Schematic of idealized cleat system 
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           μ --- viscosity coefficient 
           L --- the seepage path length, m 
           ∆p --- the pressure loss of the length L, Pa 
           
∆𝑝
𝐿
 --- pressure gradient 
 
As the volume q is 
q = v × a × b 
Therefore, 
q =
𝑎𝑏3
12𝜇
∆𝑝
𝐿
 
According to Darcy Law: 
Q =
𝐾𝐴∆𝑝
𝜇𝐿
 
where， A --- the total area, 𝑚2; A = n(𝑎 + 𝑏)2 = 𝑛(𝑎2 + 2𝑎𝑏 + 𝑏2) ≈ 𝑛𝑎2 
               K --- The permeability of coal 
 
Therefore, 
Q =
𝐾𝑛𝑎2∆𝑝
𝜇𝐿
 
 
The permeability of coal could be described as: 
K =
𝑏3
12𝑎
 
 
2.9 Stress distribution in coal face area 
As can be seen from the stress distribution ahead of a coal face in Figure 4, there 
exists an abutment stress zone. The stress in this zone is higher than the original 
seam stress and gas pressure in the zone is slightly less than the original seam gas 
pressure. As a rapid advance of the coal face, the coal of high gas pressure suddenly 
exposes to near atmospheric pressure condition and the minimum principal stress in 
the exposed coal reduces rapidly. Under these conditions, if the gas pore pressure is 
sufficient large, the coal will fail under tensile stress and be ejected by the gas in the 
coal, hence the occurrence of an outburst of coal and gas. 
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Figure 4 Change of stress and gas pressure before outburst 
 
From the viewpoint of rock damage mechanics, the damage of coal is initiated from 
the expansion of microfractures in coal, the existence of gas pressure in the 
microfractures makes the tips of the microfractures under tensile abutment stress, and 
the tensile stress is greater than the effective stress of coal. If the tensile stress 
exceeds the effective tensile strength of coal, the coal will fail under the tensile stress. 
Studied have shown that the condition in which disc-shaped fractures in coal undergo 
expansion under only gas pressure is: 
𝑝 − 𝑝0 ≥
𝐾𝐼𝐶√𝜋
2√𝑏
 
 
It can be seen from the formula above that with the expansion of fractures in coal, the 
radius of the fractures b increase, and the gas pressure required for the expansion 
decreases. It can therefore be concluded that the tensile failure of coal caused by gas 
pressure exhibits the property of sudden change if there is no obvious change in gas 
pressure in coal fractures. 
 
The difference in gas pressure in the various locations of coal fractures makes gas 
movement in coal. The movement generates filtration force on coal matrix, and the 
coal matrix exhibits resistance force to the gas movement. The filtration and 
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resistance forces are a pair of acting force and reaction force. Before excavation, 
assuming the filtration force on the unit sectional area 𝐼𝐼 − 𝐼𝐼 is 𝐹𝐼𝐼, and the filtration 
force on the unit sectional area 𝐼𝐼𝐼 − 𝐼𝐼𝐼 is 𝐹𝐼𝐼𝐼, then the force acted the coal matrix 
between these two sectional areas is 𝐹 = 𝐹𝐼𝐼𝐼 − 𝐹𝐼𝐼, that is: 
 
𝐹 = 𝑃𝐼𝐼𝐼𝑆𝐼𝐼𝐼 − 𝑃𝐼𝐼𝑆𝐼𝐼 = 𝑃𝐼𝐼𝐼 − 𝑃𝐼𝐼 = ∫ 𝐽(𝑥)𝑑𝑥
𝐼𝐼𝐼
𝐼𝐼
 
Where, 𝐽(𝑥) is the gas pressure gradient. 
 
In the area of 𝐼 − 𝐼𝐼, coal fails and destabilises under gas pressure. As fractures in 
coal expand, the gas pressure required for the expansion decreases, and the tensile 
failure of coal caused by gas pressure exhibits the property of sudden change if there 
is no obvious change in gas pressure in coal fractures. Therefore, from the viewpoint 
of mechanics, the risk of outbursts of coal and gas depends on the gas pressure 
gradient in coal, the fracture toughness of coal, and the degree of fracture 
development in coal. 
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3 GAS CONTENT IN COAL 
The basic parameters of gas in underground coal seam are the foundation in gas 
control and management (Zhang and Wang, 2004). Gas content is one of the most 
significant parameters of the basic parameters. It is the essential parameter of 
calculating the gas reserves, predicting the amount of mine gas emission rate and 
assessing the level of risk for gas outbursts (Kissell, 1993). The accuracy of 
measuring gas content could restrict the reliability of gas hazard identification, have 
a negative influence on gas control and management, and even bring potential 
severity of gas accident (Mavor and Nelson, 1995). In addition， the accurate 
determination of gas content is also of great significance to coal mine ventilation, 
calculation of coalbed methane reserve and control of coal mining greenhouse gas 
emissions. The commercial coalbed gas production would also depend on the test of 
gas content. 
 
3.1 The component categories of gas content 
The manner of gas storage in coal seam is disparate from traditional gas reservoirs. 
Lost gas, desorbed gas and residual gas are the three different parts of the whole gas 
content in coal sample (Diamond and Schatzel, 1998). The formation evaluation 
methods to measure the amount of methane is also different from the traditional gas 
or oil, as the diverse mechanism of gas shortage in coal seam. Coal seams have a 
micropore structure which means the calculation of the amount of methane sorbed 
within this structure should be develop from the traditional gas content determination 
methods. The testing procedure for different gas parts (lost gas, desorbed gas and 
residual gas) are also different, as the different physical and chemical properties 
(Diamond, 1994). The whole gas content of coal sample is the three parts together. 
The following content would review the relevant determination methods and the 
analysis of their weakness and possible errors for three parts respectively. 
3.1.1 Lost gas 
Mavor (1996) describe that the lost gas is defined as the part of gas emission during 
the obtaining process of coal samples before sealing it into a vacuum desorption 
canister. The amount of lost gas could not be measured directly and should be 
calculated by the detected data. Bertartd (1970) and Kissell (1973) have done a large 
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number of research on the determination of lost gas estimation. The quantity of gas 
lost before enclosing the coal sample into a vacuum desorption canister could be 
influenced by four factors: sampling time, physical and chemical properties, the 
category of drilling fluid and the quantity of displacing gas by water. The sample 
retrieval time control is the most significant factor that could decrease the associated 
error of lost gas determination. 
 
Kissell et al. (1973) described that the desorption rate could be impacted by the 
physical and chemical properties of detection coalbed sample. That is the reason it 
should be estimated for determinating the amount of lost gas. The drilling fluid 
density and gas diffusion distances also have significant influences on the rate and 
time of desorption. In addition, the influencing factor of accurate lost gas calculation 
and estimation also contains the water saturation and amount of free gas. Therefore, 
the water saturation law in different coalbed sample and temperature should be 
established before the measuring of lost gas content. 
 
The measuring and estimation of lost gas is the most significant part which 
influences the accuracy of the determination of gas content of coal with direct 
desorption method. As the influence factor is complicated for the measurement of 
lost gas, there still do not have an accurate method to calculate its volume. The error 
of present methods could not be ignored. 
3.1.2 Desorbed gas 
Kissell et al. (1973) described a direct testing method to measure the amount of 
desorbed gas, as after the desorption canister put into a coal sample. They present 
this method as the water displacement method. Schatzel (1987) established an 
advanced method by the USBM and it made the measure of desorbed gas more 
accurate. The principle of this method is depended on the determination of pressure 
differentials and compared the pressure before and after the gas released. Finally, the 
amount of desorbed gas could be calculated based on the ideal gas law. 
3.1.3 Residual gas 
The amount of coal sample desorbed gas would be increasingly decreased and when 
it reaches a small desorption volume, the water displacement method or pressure 
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differentials method above could not work. However, there still has residual gas in 
the coal sample and this part of gas content should also be determinated (Diamond, 
1998). The amount of residual gas could be measured by crushing method and 
determine the gas released volume. The airtight container could also be used as the 
measure of desorbed gas. Diamond (1986) described the temperature variation in the 
laboratory during the desorption process could be considered and it would influence 
the accuracy of residual gas measurement. 
 
Mavor et al. (1994) and Bertard (1970) analysised a large number of coal samples 
from different coalbeds in America. The results indicated that the volume of residual 
gas in low rank blocky coal samples could be contained over 45 percent for the 
whole gas content. Compared with it, the volume of residual gas in friable high rank 
bituminous coal samples would be included below 10 percent of the total gas content. 
Therefore, the type of coalbed should be considered during the sampling and 
methane drainage borehole measurement for the determination of residual gas. 
 
3.2 Direct gas content determination methods 
In order to be more accurate, using the direct gas content determination methods of 
the original coal seam, could be taken in two methods: First, the specialized 
equipment could be used in the borehole sampling. As that, the sampling process 
would be ensured that volume of gas lost keep into minimum; Second, a 
compensated calculation method for the loss of gas capacity should be used(Sawyer 
et al. 1987). According to the different ways of tools or compensated calculation 
method, direct method can also be divided into three types: coal core control method, 
geological exploration drilling gas desorption method and downhole drilling gas 
desorption method. 
3.2.1 Coal core control method 
Kim (1983) present that coal core control method for determination of gas content is 
widely used in Former Soviet Union. The advantage of this method is the simplicity 
of operator and speediness. It could extract gas from rock or coal sample directly to 
determine its content and composition. The disadvantage is that some amount of gas 
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would be lost during the coal core sample drilling and sealing process. The volume 
of lost gas depends on the gas desorption rate of coal samples and its exposure time. 
3.2.2 Geological exploration drilling gas desorption method 
Geological exploration drilling gas desorption method is most commonly used in 
geological exploration and coal seam gas exploitation as the original seam gas 
content measurement method. This method was first developed and proposed by the 
U.S Bureau of Mines (USBM) in 1973. During 1978 to 1984, Yoshiomi, from 
Fushun Branch Coal Research Institute, conducted and improved this method by 
considerable field work and experimental testing. Since then, geological exploration 
drilling gas desorption method was widely used all around the world as it could 
control the lost of gas during the sampling and testing effectively. Compared with the 
early vacuum tank method and the gas type coal core control method, this method 
has more reliability and success rate in determination of original gas content, 
depended on field application. However, the weakness of this method is also obvious. 
The primary issue is that gas loss cannot be determined directly and the volume of 
gas content by compensation calculation is generally lower than the actual value. 
3.2.3 Downhole drilling gas desorption method 
This method is developed and improved by geological exploration drilling gas 
desorption method. It is widely used in original gas content measurement in cross-
hole, coal seam and adjacent layers. The advantage of this method is that it could 
obtain coal core sample fast and make fixed-point sampling. There are also some 
issues which should be solved in the future, for example, shortening the sampling 
time, reducing the gas loss of influence on the measurement results. 
 
3.3 The methods of obtaining coal samples 
The method of obtaining the ideal and usable experimental coal samples is very 
important to the success of gas content determination. According to Diamond (1998), 
there are two sampling method. The first one is drill cuttings from boreholes or coal 
work face. The other method is wireline or conventional cores from boreholes or 
production wells. The issue of these methods is how to choose core samples for gas 
content testing. At present, the solution of this issue is still experience dependent. 
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3.4 The methods of “lost gas” estimation 
It has been known that the gas desorption laws of coal samples are the main part of 
gas content determination. Therefore, the gas desorption laws from coal are 
summarised in this section. 
 
For nearly three decades, scientists and engineers from all around world have 
conducted a large number of research about the gas desorption laws of coal samples 
in order to accurately estimate “lost gas”, and a number of the “lost time” calculation 
methods have been developed. 
 
3.4.1 √t  method 
Bertard et al. (1970) conducted a laboratory and field research program in order to 
study the desorption laws of horizontal drilling underground coal samples. They 
obtained that the numerical rule between time and gas emission is 
q = K√tb + tg − K√tb 
tb = tg 
q = K√2tb − K√tb 
After the coal sample desorption testing (35s), it should be sealed into an airtight 
desorption canister rapidly. The amount of gas emission (Q1) during the sampling 
and testing is 
Q1 = K√2tb 
Where, tb----exposed time of the coal sample, s; 
             K---- coefficient. 
According to these two formulas, it could obtain that 
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Q1 = (2 + √2)q 
The value of q is calculated by the Rutte Law and proportional relationship. During 
the considerable laboratory test, it has been proved that Q1 is 10% of the adsorption 
gas. 
Dr. Barrer (1951) carried out a comprehensive laboratory study on the absorption 
processes by different types of gas in natural zeolite. The results present that the 
process of desorption and absorption is reversible. The relationship between time and 
the accumulated amount of desorption and absorption processes is 
Qt
Q∞
=
2s
V
√
Dt
π
= k√t 
Where, Qt---- the accumulated amount of desorption and absorption, cm
3/g; 
             Q∞---- the utmost absorbed or desorbed quantity, cm
3/g; 
s---- surface area of unit weight coal sample, cm2/g; 
V---- volume of unit weight coal sample, cm3/g; 
 T---- absorption or desorption time, min; 
 D----diffusion coefficient, cm/min; 
 k----the amount of gas desorption during 1 min, cm3/g. 
 
Sevenster (1959) and Satyendra at al. (1975) developed and calibrated a model that 
the law of √t is acceptable only between the time zone 0 ≤ √t ≤
V
2s
√
π
D
. When the 
gas desorption time overweigh this time zone, the calculation error would be 
increasingly worse. 
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3.4.2 Winter method 
Winter and Janas (1980) conducted a series of tests on coal samples and found that 
the relationship between the desorption time and gas emission quantity during the 
initial phase is 
V = Va (
t
ta
)
−kt
 
Where, V and Va---- desorption velocity in time t and ta, mL/min; 
             k---- the index number of the desorption processes with time variation. 
When t=0, ta=1min, the initial quantity of gas desorption with 1 min is 
q1 =
V1
1 − kt
(ml/g) 
The quantity of cumulative gas desorption at any time T is 
Q = ∫ V1T
−ktdT
T
0
=
V1
1 − kt
T1−kt 
The quantity of gas desorption with the exposure time t0 of coal sample is 
Q1 =
V1
1 − kt
t0
1−kt 
Where, Q1---- quantity of gas desorption with the exposure time t0, mL; 
             V1---- when time is 1min, desorption velocity of coal sample, ML/g.min. 
 
3.4.3 Igor Ustinov method 
Igor Ustinov (1983) carried out a lot of comprehensive laboratory study and 
indicated that the results calculated by Darcy’s law have large errors with the field 
experimental data. They obtained a new empirical formula which could be match the 
field testing data more accurately. It is 
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Qt = v0[
(1 + t)1−n
1 − n
] 
Where, Qt---- quantity of gas desorption from starting time to t, cm
3/g; 
             v0---- when t=0, desorption velocity of coal sample, cm
3/g. min; 
t---- desorption time, min; 
n---- coefficient depend on the coal property. 
 
3.4.4 Britain empirical formula 
Ailey (1968) established a coal gas emission theory, according on the Darcy's law. 
He summarised an empirical formula to calculate the amount of coalbed gas 
desorption with time variation. 
Qt = Q∞[1 − e
−(
t
t0
)
n
] 
Where, Qt---- the accumulated amount of desorption from pressure lifted to time t, 
cm3/g; 
             Q∞---- the utmost absorbed or desorbed quantity, cm
3/g; 
t---- time, min; 
              t0---- time constant; 
n---- constant about development degree of fractures in coal. 
 
3.4.5 Bolt method 
Bolt (1973) carried out both experimental measurements and numerical modelling to 
evaluate the desorption processes for different metamorphic coal samples. Their 
testing present that the gas desorption processes in coal and  gas diffusion through 
the zeolite are similar. The relationship between the amount of coalbed gas 
desorption and desorption time variation is 
Qt = Q∞[1 − Ae
−λt] 
Where, A, λ---- empirical constant; 
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            Qt---- the accumulated amount of desorption from pressure lifted to time t, 
cm3/g; 
            Q∞---- the utmost absorbed or desorbed quantity, cm
3/g. 
However, the drawback of this formula is that when time approach to zero, Qt =
Q∞(1 − A) ≠ 0. This situation does not match the practice testing. 
 
3.4.6 Exponential function method 
Recent years, University of Utah (1998) carried out a series of experimental 
measurements and calculation depend on the theory that the gas desorption from coal 
would attenuate as the law of exponential function. Accuracy and reliability of this 
theory has been identified by a large number of experimental and field testing. 
The relationship between desorption rate and time is 
v = v0e
−kt 
The amount of gas content between t and t0 could be calculated during the following 
formula: 
Q = ∫ vdt
t1
t0
 
When t=0, the quantity of gas desorption is  
Q =
v0
k
(1 − e−kt1) 
Where, v0 is the initial gas desorption rate. 
 
3.4.7 Youan Wang method 
Wang (1981) carried out a number of numerical simulation and experimental tests to 
confirm that the relationship between desorption rate of coal dust and time 
correspond the Langmuir Formula. 
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Qt =
ABt
1 + Bt
 
Where, Qt---- the accumulated amount of desorption from pressure lifted to time t, 
cm3/g; 
          A, B---- desorption constant. 
 
3.4.8 Zhongxu Sun method 
During the research on the gas desorption law for coal samples, Sun (1983) described 
that when the situation of coal sample is granulum, the gas desorption is a diffusion 
process. Therefore, the relationship between the amount of coalbed gas desorption 
and desorption time variation is 
Qt = at
i 
Where, Qt---- the accumulated amount of desorption from pressure lifted to time t, 
cm3/g; 
       a, i---- constant depend on the gas content and structure of coal. 
 
The attenuation process of gas desorption in coal sample is similar with the gas 
emission rate in coal seam borehole. It could be calculated by following formula. 
Qt =
v0
b
(1 − e−bt) 
Where, v0---- the gas desorption rate, when t=0, cm
3/g. min; 
           b---- attenuation coefficient of gas desorption rate with time. 
 
3.4.9 Xiangjun Chen method 
Cheng (2007) carried out a series of desorption tests on the Intense destruction coal 
samples and established the special gas desorption formula for this situation. 
Q = Q0e
−α(∆t+t) 
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Where, Q---- the volume of coal sample gas emission after (∆t + t)min, mL/g; 
             Q0---- the volume of coal sample gas emission in (∆t + t)min, mL/g; 
             α---- attenuation coefficient, min−1; 
t---- testing time of coal sample, min; 
             Dt---- the exposed time during the process of sampling, min. 
 
However, all of these methods are based on different purposes, and has great 
limitations conditions for the coalbed seam. Specially, the lost gas estimation still do 
not have an accurate method to be estimated in the determination of gas content of 
coal with direct desorption method. 
 
3.5 Summary 
The content above summarises the current situation and issues about coalbed gas 
content measurements. Firstly, it described the three gas content component parts and 
reviewed the measuring method for each part respectively. Secondly, this review 
intensively focuses on the direct method techniques and described three main 
common direct methods which is widely used in coal mining industry. The advantage 
and limitation of each method are also pointed out. Then, the sampling strategies and 
research status about the desorption laws of coal samples are indicated.  
 
According to the content above, it could be concluded three points as following. 
1. The lost gas estimation in the determination of gas content of coal cannot been 
measured directly. At present, the total gas content is calculated by using data fitting 
calculation, depended on gas desorption, diffusion rule, gas desorption and diffusion 
rate. The limitation is that the results by this way are not accurate enough. 
 
2. There are various of gas loss vector compensation formulas and methods used in 
the coal mining industry. However, the influence factors are not considered 
comprehensively. Actually, the gas desorption laws are different in different time 
zone, coal types, temperature, pressure and medium. Therefore, the lost gas 
estimation formula in the determination of gas content should be revised by 
considering the composite factor in the future. That could enhance the accuracy and 
reliability of lost gas calculation. This could be a good future research direction. 
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3. The key factor for the determination of gas content is lost gas calculation during 
sampling. It is of significance to ensure the accuracy of gas measurements. The 
accurate determination of gas content in coal seam could not only be used to make 
coal /gas outburst prediction, but also be helpful to the commercial coalbed gas 
production. In addition, coal mine ventilation, calculation of coalbed methane reserve 
and control of coal mining greenhouse gas emissions would also depend on the 
accurate measurement of gas content. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
31 
 
4 FIELD TESTS 
4.1 Field test site conditions 
4.1.1 Pansan mine site investigation 
Pansan mine is located in the central area of the Huainan mining lease, as shown in 
Figure 5 (Xu et al., 2011). Pansan mine is a major underground longwall coal mine 
and covers an area of about 54 𝑘𝑚2. The mine commenced coal production in 1992 
and produced 3.27 Mt of coal in 2007. There remain around 1.2 Bt of coal reserves. 
Methane reserve within the mine lease is estimated to be around 14.1 Bm3. 
 
 
Figure 5 Coal mines at Huainan and the location of Pansan mine 
 
The geological conditions at Pansan mine are complicated. There are 105 identified 
large faults (>5 m fall) and numerous small faults (<5 m fall) within the mine lease. 
Pansan mine has 12 mineable coal seams, including #17-1, #16-2, #16-1, #13-1, #11-
2, #8, #7-1, #6-1, #5-2, #4-2, #4-1, and #1. The stratigraphy of coal measures at 
Pansan mine is schematised in Figure 6 (Xu et al., 2011). Current working seams are 
the #13-1 and #11-2. The mining depth of these two seams is over 600 m, and the 
coal seams dip at around 5𝑜 to 32𝑜. 
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Figure 6 Stratigraphy of Pansan mine 
 
As one of the current working seams, the #13-1 seam is mineable across the Pansan 
mining lease. Its thickness varies from 0.94 to 6.83m and is 3.8 m on average. There 
are often one or two thin mudstone tuff bands in the seam and the bands are located 
in the upper or bottom section of the seam. The immediate roof of the seam is 
mudstone and finely-grained sandstone, and the immediate floor of the seam is sandy 
mudstone and mudstone. The other seam being mined is the #11-2 seam. The seam is 
mineable in a large area of the Pansan mining lease. Its thickness varies from 0 to 
4.07 m and is 1.7 m on average. The seam is almost tuff band free. 
 
The mine is accessed from the surface via five vertical shafts with an air flow rate of 
24,000 m3/min for mine ventilation. Three main intake shafts are shown in Figure 7. 
Coal seams are mined through two development levels: -650 m level and -830 m 
level. 
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Figure 7 A bird’s eye view of Pansan mine 
 
4.1.2 Gas conditions and outbursts 
Pansan mine is gassy and dominated by methane (80-97% of coal seam gases). The 
absolute gas emission of the mine is around 101 m3/min and reaches as high as 136 
m3 /min. The relative gas emission of the mine is around 17.01 m3 /t. The mine 
sometimes had struggled to control its high gas emissions. Gas-related downtime did 
occur in the mine from time to time. With an increase in mining depth and coal 
production, the mine expects higher gas emissions in the future. 
 
Pansan mine is also an outburst prone mine. There are many factors affecting the risk 
of outbursts of a coal seam. These include seam gas content, gas pressure, rock stress, 
structures, seam thickness, and other coal-seam characteristics. The most important 
factor is seam gas content. The higher seam gas content is the greater seam outburst 
risk is. “Regulations for Prevention and Control of Outbursts of Coal and Gas 
(2009)”in China stipulates that a coal seam is defined as an outburst prone seam if its 
gas content is equal to or greater than 8 m3/t or gas pressure is equal or greater than 
0.74 MPa. Table 1 shows the average gas content data of various seams at Pansan 
mine. Gas content in the major coal seams is between 2 and 15 m3/t and increases 
with cover depth. For example, the gas content of the #13-1 seam reaches 8 m3/t at 
the depth of 550 m with a gradient of about 2.05 m3/t per 100m. The gas pressure in 
the two mining coal seams at the depth of 650 m is about 3.0 MPa. Both gas content 
and gas pressure in the coal seams indicate a high outburst risk in mining the seams. 
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Table 2 Gas content and pressure data of coal seams at Pansan mine 
Seam 
Gas content, 
m3/t 
Elevation for gas 
content of 8m3/t, 
m 
Gas 
pressure/Elevation,  
MPa/m 
Gas content 
gradient, 
m3/t/100m 
#15-1 - - 1.5/-630 - 
#13-1 4～15 -550 5.0/-696 2.05 
#11-2 2～13 -762 3.8/-735 2.74 
#8 2～15 -694 3.1/-640 1.46 
#7-1 1.34～4.4 -654 2.8/-654  
#6-1 2.99～3.85 
- 
1.6/-670 
 
- 
#5-2 1.51～2.07 - 
#4-1 0.01～9.03 -710 - - 
 
Based on analyses of existing gas content, gas pressure, gas emission, and drainage 
data, outburst hazards were mapped for the #13-1 and #11-2 seams at the mine in 
three categories, namely outburst zone, outburst prone zone and outburst free zone, 
as shown in Figures 8 and 9. In the figures, the outburst zones are in pink, the 
outburst prone zones are in yellow, the outburst free zones are in light green, the 
mains are in brown, the panels are in milky white, the washout areas are in white, 
and the contours represent the seam floor elevation. A zone is defined as an outburst 
zone if gas content in the zone is equal to and greater than 8 m3/t, an outburst prone 
zone if gas content is between 6 and 8 m3/t, and an outburst free zone if gas content 
is below 6 m3/t (SAWS, 2009; Yu et al., 2008). 
 
Therefore, outburst is a major issue at Pansan mine. Current working seams #13-1 
and #11-2 are all outburst prone at the current mining depth. There have been 14 
recorded incidents of outburst occurrences in the mine: 13 incidents in the #13-1 
seam and one incident in the #8 seam. No outburst has occurred in the #11-2 seam. It 
is clear that outburst risk in the #13-1seam is much higher than that in the #11-2 
seam. Taking into consideration the relatively low gas content in the #11-2 seam, it 
should be mined before the #13-1 seam. This mining sequence might, together with 
proper gas drainage, de-stress and de-gas the #13-1seam, reduce the outburst risk of 
the #13-1 seam, maximize capture of methane from the #13-1seam, and increase coal 
production. 
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Figure 8 Outburst risk zones of the #13-1 seam at Pansan mine 
 
Figure 9 Outburst risk zones of the #11-2 seam at Pansan mine 
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4.2 Field test plan 
The direct measurement of gas content in coal is a mature technology and proven to 
be effective and practical in Australia. The application of this method in Chinese coal 
mines is still at its infancy. This method was therefore proposed and applied for 
evaluation of the effect of mining and gas drainage at the 1492(1) panel extraction. 
As a major overlying coal seam of high gas content at the 1492(1) panel, the #13-1 
seam was located about 72 m above the working seam of #11-2. The gas content in 
the #13-1 seam was measured at various locations before and after the 1492(1) panel 
extraction to assess the effect of mining and gas drainage on gas content change in 
the seam. The concept of the proposal is shown in Figure 10. 
 
 
 
 
Ideally, to evaluate the effect of mining and gas drainage in a targeted zone with the 
gas content method, the gas content in the same targeted zone should be measured 
before and after mining and gas drainage. In this case, the targeted zone was in the 
#13-1 seam and above the 1492(1) panel and there was no site access to measure gas 
content in the target zone before the panel extraction. Instead, original gas content 
measurements were conducted just outside the target zone but in the same #13-1 
seam. It is assumed that the measurements represent the gas content in the target 
seam. 
 
#13-1 
#11-2 
mining 
seam 
72m 
#13-1 
High methane content 
before mining 
Surface 
goaf gas 
borehole 
drainage 
Methane content 
after mining ？ 
Before mining 
 
After mining 
 
Figure 10 The concept of using gas content measurements for evaluation of the effect 
of mining and gas drainage 
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4.2.1 Before the panel extraction 
Before the 1492(1) panel extraction, a total of 13 coal sampling points were selected 
in the #13-1 seam above the 1492(1) panel to measure its original gas content. 
Locations of these points are shown in Figure 11. The selection of the sampling 
points was based on considerations that gas content at these locations is original and 
not affected by prior mining activities. 
 
(a) A plane view in the #13-1 seam 
 
 
 (b) A vertical profile along panel length 
 
 
 
 
 Gas tunnel 
#13-1 seam 
 #11-2 seam 1492(1) panel  Start line 
 #1 
 #2 
#4 
 #5  #6 
#7 
 #9  #10 
 #8 
 #11 
 Gas tunnel 
 
 #3 
1492(1) panel 
1492(1) start line 
 #12 
 #13 
Figure 11 Coal sampling location in the #13-1 seam before the 1492(1) panel extraction 
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4.2.2 After the panel extraction 
After the 1492(1) panel extraction, a total of 22 coal sampling points were selected in 
the #13-1 seam above the 1492(1) panel to measure gas content, referred to as 
residual gas content, as shown in Figure 12. These sampling points include six points 
located in the area above the 1492(1) panel return gateroad, five points located in the 
area above the 1492(1) panel intake gateroad, and 11 points located in the area above 
the 1492(1) panel start line. The selection criterion for the location of these sampling 
points was to be able to best measure the degree of impact the 1492(1) panel 
extraction and gas drainage might have on the residual gas content at these points. 
 
(a) A plane view in the #13-1 seam 
 
 
(b) Vertical profile along the panel face 
Gas tunnel 
  #13-1 seam 
#11-2 seam 
 1492(1) longwall panel 
Gas tunnel 
Return  Intake  
Return group Intake group Start line group 
1492(1) intake 
1492(1) return 
Gas tunnel 
Start line 
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4.3 Test method 
The direct gas content measurement method in a coal seam was initially developed 
for the coalbed methane industry. For coal mining applications, the direct method 
was modified with fast desorption measurements to meet the needs of coal mining 
operations.  
 
The direct method of estimating the content of gas in a body of coal consists of 
drilling a core sample from an area of the coal seam and enclosing this sample as 
quickly as possible in an airtight bomb. It is customary to use the full length of the 
core sample as variations can occur depending on the quality of the coal seam. The 
coal bomb is then connected to a water displacement apparatus and the quantity of 
gas released with time is measured and recorded as 𝑄2. This method is continued 
until the gas emitted from the sample is less than 0.05 cm3/gram per day for five 
consecutive days (McCulloch et al, 1975) or the gas emitted is less than 10 cm3/day 
for seven consecutive days (Diamond and Levine, 1981). 
 
After the gas emission has reduced to the required rates, the mass of the sample is 
measured and the sample is placed once again in a sealed bomb and crushed using 
steel rods or balls to release any remaining gas. This gas is measured once again 
using the water displacement method and the quantity is measured and recorded as 
𝑄3. 
 
To account for the quantity of gas lost between drawing the sample from the coal 
seam and placing the sample in the sealed bomb, the results of gas emitted vs. the 
square root of time are plotted on a graph. By making the assumption that gas release 
follows the square root law, the release at time zero can be found by extrapolating 
the other results. 𝑄1can then be found by noting the time taken to seal the sample in 
the bomb and recording the gas content. The lost time should be taken as from the 
start of drilling to the time of sealing in a horizontal drill hole, or for vertical drill 
Figure 12 Schematic coal sampling points in the #13-1 seam above the 1492(1) panel after 
mining 
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holes lost time is the time taken for the pressure in the core to equal the hydraulic 
head. 
 
The total gas content of the sample can be calculated as  
Q = 𝑄1 + 𝑄2 + 𝑄3 
 
Detailed test procedures can be found in AS3980-1999 “Guide to the determination 
of gas content of coal – direct desorption method”. 
 
The gas content measurement method and associated system were introduced to 
Huainan, China by CSIRO through a collaborative research project between Huainan 
and CSIRO. A gas content measurement laboratory was established at Huainan. The 
method and system were modified to take into consideration the coal seam 
conditions at Huainan (Xue, 2008; Xue, 2007; Yuan et al., 2011). 
 
Due to the soft nature of the #13-1 seam at Pansan mine, it was difficult to obtain a 
coal sample using conventional drilling technology for gas content measurements. To 
overcome the sampling problem, a new sampling-while-drilling (SWD) system was 
developed. The SWD system uses a special design of double-tubing drill rods and a 
reverse circulation of pressurized air to rapidly and accurately obtain cuttings at any 
given position during borehole drilling. The system consists of drill bit, drill rods, 
side entry swivel, head rod, top swivel, hose, air/water inlet and drum. Details of the 
system can be found in a paper by Xue et al (2012). 
 
The laboratory at Huainan was used for gas content tests for this study. The main test 
apparatus is shown in Figure 13 and Figure 14. 
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Figure 13 A coal sample canister and portable gas measurement device 
 
    
 
Figure 14 Portable gas measurement device and DGC Equipment 
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4.4 Results and discussions 
4.4.1 Original gas content before the 1492(1) panel extraction 
As planned, a total of 13 coal samples were taken from the #13-1 seam above the 
1492(1) panel before the panel extraction and their original gas contents were 
measured. The results are shown in Table 3. The results showed that original gas 
content in the #13-1 seam above the 1492(1) panel is fairly consistent, ranging from 
7.07 to 10.02 m3/t, and averaging 8.44 m3/t. 
Table 3 Measured original gas content in the #13-1 seam above the 1492(1) panel 
Sample No. Borehole No. Sample weight, g Gas content, m3/t 
1 6-1 1121.5 9.04 
2 7-3 1338.2 8.50 
3 7-8 1270.8 8.51 
4 8-3 1291.2 7.57 
5 8-6 1400.9 8.58 
6 24-11 1328.3 8.08 
7 26-5 1225.7 10.02 
8 30-3 676.2 7.14 
9 30-8 1340.2 7.07 
10 35-7 1451.1 9.02 
11 44-7 717.8 9.07 
12 48-1 1223.5 8.09 
13 48-3 1314 8.99 
 
4.4.2 Residual gas content after the 1492(1) panel extraction 
After the 1492(1) panel extraction was completed in August 2014, the gas content at 
22 locations in the #13-1 seam was measured and the measurements were completed 
in October 2014. The results are grouped into three sets, based on sampling 
locations, viz. the return group which refer to sampling points located in the area 
above the 1492(1) panel return gateroad, the intake group which refer to sampling 
points located in the area above the 1492(1) panel intake gateroad, and the start line 
group which refer to sampling points located in the area above the 1492(1) panel 
start line. 
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4.4.3 Residual gas content above the 1492(1) panel return gateroad (Return group) 
A total of six samples were taken from this area and the locations of these samples 
are shown in Figure 15. Four of these sampling points are located outside the panel 
return gateroad and the other two points are inside the return gateroad. 
 
(a) A plane view of the #13-1 seam 
 
 
(b) Vertical profile along the panel width 
 
 
 
 
 Gas tunnel 
#13-1 seam 
#11-2 seam 
 1492(1) longwall panel 
Gas tunnel 
Return  Intake  
 #1-6  
1492(1) intake 
1492(1) return 
Gas tunnel 
Start line 
2 
1 
4 
6 5 
3 
Gas tunnel 
Return group 
Return group 
Figure 15 Coal sampling points in the #13-1 seam above the 1492(1) panel return gateroad 
after the panel extraction 
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The measured gas content values at these locations are shown in Table 4. It can be 
seen from the table that a general trend appears that the residual gas content of the 
#13-1 seam is low inside the panel and increases towards and outside the return 
gateroad, as illustrated in Figure 16. For example, the residual gas content at two 
sampling points located inside the panel return gateroad was between 3.19 and 4.08 
m3/t, whereas the gas content at two sampling point located about 17 m outside the 
panel return gateroad was 6.71 to 6.89 m3/t. 
Table 4 Residual gas content - return group 
Sample No. 
Distance from panel 
return, m 
Distance from panel 
start line, m 
Gas content, m3/t 
1 -10.53 42.91 4.08 
2 -2.55 27.95 3.19 
3 7.53 26.29 5.81 
4 8.46 33.87 5.34 
5 16.93 29.26 6.89 
6 17.30 37.99 6.71 
 
 
Figure 16 Residual gas content vs distance from the panel return gateroad 
 
45 
 
 
The measured results indicated a “de-outburst zone”, which is defined as the zone 
where gas content in the zone is less than 6.0 m3/t, in the #13-1 seam, lies about 12 m 
outside the panel return gateroad, as shown in Figure 17.  
 
It should be noted that the gas content measurement was conducted shortly after the 
panel approached its finish line. It is expected that the area of gas content reduction 
will increase over the time. 
 
The extent of the de-outburst zone is quite different from a conventional view in 
China that the zone lies about 19 m inside the panel return gateroad, according to the 
“Regulations for Prevention and Control of Outbursts of Coal and Gas (2009)”
issued by the China State Administration of Work Safety (SAWS, 2009), as shown in 
Figure 18. This apparent discrepancy needs to be further investigated. The 
investigation may include more field tests of gas content and pressure and modelling 
to determine the exact boundary of de-outburst zones. 
 
 
Figure 17 The measured de-outburst zone in the #13-1 seam directly above the return 
gateroad of 1492(1) panel 
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Figure 18 The estimated de-outburst zone in the #13-1 seam directly above the return 
gateroad of 1492(1) panel according to the SAWS standard (SAWS, 2009) 
 
4.4.4 Residual gas content above the 1492(1) panel intake gateroad (Intake group) 
A total of five samples were taken from this area and the locations of these samples 
are shown in Figure 19. All of the sampling points are located inside the intake 
gateroad due to site accessibility at the time of the tests. 
 
(a) A plane view in the #13-1 seam 
1492(1) intake 
1492(1) return 
Gas tunnel 
Start line 
2 
1 
4 
5 
3 
Gas tunnel 
Intake group 
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(b) A vertical profile along the panel width 
 
 
 
 
The measured gas content values at these locations are shown in Figure 19 and 
Figure 20. It can be seen from the measurements that the residual gas contents of the 
#13-1 seam at the sampling locations are quite low, ranging from 2.78 to 3.57 m3/t. 
As these points are all inside the panel intake gateroad, the results indicate that panel 
extraction had a substantial influence on the gas content of the overlying seam in this 
area. 
Table 5 Residual gas content - intake group 
Sample 
No. 
Distance from panel 
Intake, m 
Distance from panel 
start line, m 
Gas content, m3/t 
1 -28.9 70.9 3.06 
2 -17.4 77.1 3.01 
3 -16.5 70 3.57 
4 -9.9 69.9 2.78 
5 -4.5 76.5 3.2 
 
 Gas tunnel 
  #13-1 seam  
#11-2 seam 
 1492(1) longwall panel 
Gas tunnel 
Return  Intake  
 #1-5  Intake group 
Figure 19 Coal sampling points in the #13-1 seam above the 1492(1) panel intake 
gateroad after the panel extraction 
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Figure 20 Residual gas content vs distance from the panel intake gateroad 
 
4.4.5 Residual gas content above the 1492(1) panel start line (Start line group) 
A total of 11 samples were taken from this area and the locations of these samples 
are shown in Figure 21. Four of these sampling points are located outside the panel 
start line and the other points are inside the line. 
 
(a) A plane view in the #13-1 seam 
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(b) A vertical profile along the panel length 
 
 
 
The measured gas content at these locations is shown in Table 6. It can be seen from 
the table that a general trend appears that the residual gas content of the #13-1 seam 
is low at the sampling locations inside the panel start line and increases towards and 
beyond the start line, as illustrated in Figure 22. For example, the residual gas 
content at a sampling point located 61.5 m inside the panel start line was 2.11 m3/t, 
whereas the gas content at a sampling point located about 14 m outside the panel 
start line was 5.56 m3/t. 
Table 6 Residual gas content - start line group 
Sample No. 
Distance from panel 
intake, m 
Distance from panel start 
line, m 
Gas content, m3/t 
1 81.9  -61.5 2.11 
2 85.8 -58 2.58 
3 80.2  -42.2 1.94 
4 86.0 -40 2.95 
5 90.6 -42 3.24 
6 86 -22.8 3.09 
7 85.1  -1 3.99 
8 90.5  -1.6 4.72 
9 85.1  13.9 3.82 
10 89.9  14 5.56 
11 85.3 38.5 9.04 
 Gas tunnel 
  #13-1 seam 
 #11-2 seam  
17171(1) longwall face  Start line 
Start line group 
Figure 21 Coal sampling points in the #13-1 seam above the 1492(1) panel start line 
after the panel extraction 
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Figure 22 Residual gas content vs distance from the panel start line 
 
The measured results indicates a de-outburst zone in the #13-1 seam lies about 24 m 
outside the panel start line, as shown in Figure 23. 
 
The extent of the de-outburst zone is quite different from a conventional view in 
China that the zone lies about 30 m inside the panel return gateroad, as shown in 
Figure 24 (SAWS, 2009). This apparent discrepancy needs to be further investigated. 
The investigation may include more field tests of gas content and pressure and 
modelling to determine the exact boundary of de-outburst zones. 
 
51 
 
 
 
 
 
 
 
 
 
 
4.5 Summary 
To eliminate issues associated with field measurements of gas pressure in a coal  
seam, gas content in coal was successfully measured and used to replace gas pressure 
in assessing the de-gassing effect of the extraction of the #11-2 seam (a protective 
seam) on the #13-1 seam (a protected seam) and defining outburst-free zones in the 
#13-1 seam at Pansan mine. As gas content in coal is a key index in assessment of 
outburst proneness in mining a coal seam, and it can be measured quickly and 
 Gas tunnel 
#11-2 seam 
 1492(1) longwall panel 
Start line  
5  
#13-1 seam 
  30m    
 Gas tunnel 
#11-2 seam 
 1492(1) longwall panel 
Start line  
#13-1 seam 
Boundary 
 24m 
  Intact zone 
  Intact zone Boundary 
Figure 23 The de-outburst zone in the #13-1 seam directly above the start line of 1492(1) 
Figure 24 The de-outburst zone in the #13-1 seam directly above the start line of 1492(1) 
panel 
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accurately, it can be used to replace gas pressure in defining outburst-free zones in 
protected seams, as demonstrated in this trial. 
 
It should be noted that the gas content measurements were conducted shortly after 
the panel approached its finish line. It is expected that the area of gas content 
reduction will increase over the time. As the extent of the outburst-free zone is of 
fundamental importance in safety and productivity in multiple-seam mining, more 
investigations are required to evaluate dynamic nature of outburst-free zones with 
gas content. 
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CONCLUSIONS AND RECOMMENDATIONS 
 
The designed mining sequence and methane capture strategy were successfully 
implemented at the 1492 (1) panel in Pansan coal mine, Huainan, China. The field 
measurements show that the gas content of the overlying #13-1 seam was reduced 
from 8.4 m3/t to about 2-4 m3/t following mining the #11-2 seam, well below the 
outburst threshold value of 6 m3/t set for the 13-1 seam. The outburst risk of mining 
the #13-1 seam in the area directly above the 1492(1) panel was completely 
eliminated. The gas content measurements were carried out using a proven and 
effective gas content method in Australia that has been successfully introduced and 
applied at Huainan. 
 
The results also indicate that the de-outburst zone extended 12 m outside the panel 
return gateroad and 24 m outside the panel start line, using gas content of 6 m3/t as 
the outburst threshold value. It should be mentioned that the extent of the de-outburst 
zone is somewhat different from conventional understanding in China that the zone 
lies about 19 m inside the panel return gateroad and 30 m inside the panel start line 
under the panel condition. As the extent of the de-outburst zone is of fundamental 
importance in integrated coal production and methane extraction in multi-seam 
mining environment, more investigations are required to evaluate exact boundaries of 
de-outburst zones. 
 
It should be noted that the gas content measurements were conducted shortly after 
the panel approached its finish line. It is expected that the area of gas content 
reduction will increase over the time. 
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